Abstract -Since the temperature during development may affect growth and fitness in insects, climate change might affect important life history traits of solitary bees. We investigated the impact of three fluctuating and three constant temperature regimes on prepupal weight, mortality, and development time of Osmia bicornis. Prepupal weight decreased with increasing temperature, but not as strong under fluctuating conditions. Adult mortality increased in the warm treatments. Fluctuating (versus constant) temperatures accelerated development in the most stages and temperature regimes. The duration of almost all developmental phases decreased with increasing temperature, except for the prepupal phase that was prolonged in the warm treatments. The differences in thermal responses to fluctuating vs. constant temperatures illustrated the importance of fluctuating temperatures in studies investigating potential consequences of climate change for insects, including pollinators.
INTRODUCTION
Temperature is one of the most important environmental factors for ectotherms and the temperature experienced during development strongly affects growth and many life history traits (Stillwell and Fox 2005; Steigenga and Fischer 2009 ), e.g. body size and development time (Ratte 1984; Atkinson 1994) . In contrast to the well-known social honeybees that maintain a more or less constant temperature for their brood (e.g. Jones et al. 2004) , most bee species are solitary (Michener 2000) and their offspring are largely exposed to the fluctuating ambient temperatures, at least in cavity-nesting species.
In the course of the current climate change, overall mean temperatures are rising, spring (i.e. flowering) starts earlier, the growing season is prolonged, the intensity and frequency of weather extremes such as heat waves in summer are increasing-and these trends are predicted to progress (Menzel et al. 2006; Schwartz et al. 2006; IPCC 2007; EEA 2008) . While some studies explored the potential consequences of climate change for herbivorous insects (e.g. Bale et al. 2002; Musolin et al. 2010) , its direct impact on pollinators received little attention. The so-called "wild bees", including many solitary species, play an important role for the pollination of crops and natural plant populations (Freitas and Pereira 2004; Kremen 2008) and they are already declining due to habitat loss and fragmentation (e.g. Kearns et al. 1998 ). The impact of climate change on pollinators could aggravate this "pollinator crisis" and cause serious ecologic as well as economic consequences.
In this study, we investigated temperature influences on the development of the European fruit tree pollinator Osmia bicornis (Linnaeus 1758, Hymenoptera, Megachilidae, formerly Osmia rufa). The flight period of this abundant solitary and univoltine species usually ranges from early April to mid-June. Females build their linear nests in pre-existing cavities, provision the brood cells with pollen and some nectar and lay one egg per brood cell. The larvae hatch, consume the provision, spin a cocoon, go through a prepupal and pupal stage and finally eclose as adults in autumn. The development from oviposition to adult eclosion usually takes about 14-15 weeks (Raw 1972; Tasei 1973) . The fully developed adults winter inside their cocoons and emerge the next spring.
In ectotherms, higher temperatures usually result in a shorter development time and smaller body size (Ratte 1984; Atkinson 1994) . In the univoltine Osmia species, the accelerating effect of high temperatures on development combined with a prolonged growing season (due to climate change) could prolong the pre-wintering period (i.e. the period from adult eclosion inside the cocoon to the onset of wintering temperatures). A long pre-wintering period and small body size, however, had negative effects on survival and fitness in these bees (Tepedino and Torchio 1982; Bosch et al. , 2010 Bosch and Kemp 2004; Bosch and Vicens 2006) . Since the prepupal stage seems less susceptible to the negative effects of high temperatures than the adult stage, individuals developing under warm conditions might change the developmental pattern and prolong the prepupal stage (Kemp and Bosch 2005; Bosch et al. , 2010 .
Insects are usually adapted to fluctuating natural temperature conditions (see e.g. Beardmore 1960 (Beck 1983; Ratte 1984) . Therefore, the results of laboratory studies using constant temperatures can hardly be extrapolated to natural populations (Beck 1983) . Thus, in order to estimate potential consequences of climate change for the respective species, the effects of fluctuating temperatures have to be taken into account.
The main objective of our study was to investigate the effect of both three fluctuating and the respective constant temperatures (cool, medium, warm) on body size, mortality, and the duration of development in O. bicornis. With regard to the ongoing climate change, we were particularly interested in whether the bees are affected by warmer temperatures or whether they are able to compensate possible negative effects.
MATERIALS AND METHODS

Bees
Brood cells were obtained from a free-flying O. bicornis population nesting in trap nests in an observation hut near the botanical garden of the University of Regensburg. The trap nests were made of dense styrofoam covered with transparent polycarbonate lids that allowed continuous observation of the nesting activity and brood development (for more details, see Strohm et al. 2002) . These trap nests also allowed the separation of recently completed brood cells while the bee female continued nesting in the remaining part of this trap nest. During the peak nesting season (2-15 May) in 2008, we used 528 brood cells with 1-3 days old eggs from 62 nests for our investigations.
Provision weight
After separation from the nests, the brood cells were brought into the laboratory. The pollen provision with the attached egg was removed with a custom-made scoop to weigh it to the nearest 0.1 mg (Sartorius analytic A120 S). Then the pollen loaf with the egg was carefully put back into its brood cell that was resealed with paper on the side and transparent foil on the top, both fixed with adhesive tape.
Temperature treatments
We used six temperature treatments as well as a control group (hut) to investigate possible temperature effects on the bee development. In the three fluctuating regimes, temperature followed a sine curve and reached the eponymous minimum and maximum values once in 24 h. The cool, medium, and warm treatments were 10-25°C, 15-30°C, and 20-35°C. The three constant temperatures represented the mean temperatures of the fluctuating regimes: 17.5°C, 22.5°C, and 27.5°C.
The brood cells were randomly allocated to these seven temperature groups immediately after determination of provision weight. The sample sizes were: N hut = 66, N 17.5°C = 77, N 22.5°C = 77, N 27.5°C = 77, N 10-25°C = 77, N 15-30°C = 76, and N 20-35°C =78. For each group, brood cells were placed into a plastic box (20×20×6 cm) which was partly covered with plastic, partly with gauze to allow for ventilation. The plastic boxes were put into a cardboard box to prevent desiccation. The box of the control group was stored in the dark in the observation hut where the bees nested. The boxes of the treatment groups were stored in dark climate chambers (Ehret ATS 1373, Emmendingen, Germany, ±1°C for constant temperatures; Binder KB 115, Tuttlingen, Germany, for fluctuating temperature regimes). Temperatures were monitored using thermobuttons (iButton DS1921G, Maxim Integrated Products, USA). All brood cells were checked daily for developmental stage and mortality of bee progeny.
We defined four visibly distinguishable developmental phases until the cocoon was finished: (1) egg phase (from egg laying to the beginning of feeding), (2) early consumption phase (from the beginning of feeding to the beginning of defecation), (3) defecation phase (from the beginning of defecation to the beginning of cocoon spinning), and (4) cocooning (from the beginning of cocoon spinning to the completely darkened cocoon). Ten to 14 days after cocoon completion, individual brood cells were opened, the cocoon was cleaned of faeces, weighed to the nearest 0.1 mg, placed in a new trap nest in the cardboard box, and put back in the according conditions. The weight of the cocoon with the prepupa inside is further referred to as "prepupal weight".
Observation cocoons
Since the cocoons of O. bicornis are opaque, we could not easily observe the development inside the cocoon. In order to check the development inside the cocoon without using the X-ray method (Stephen and Undurraga 1976) , we cut a hole in the upper side of the cocoon (at least 1 week after cocoon completion to prevent spinning again and closing the spyhole). The holes were sealed with a transparent foil fixed with odourless superglue (UHU® Sekundenkleber, SUPER-FLEX GEL). The spyhole allowed the daily monitoring of development inside the cocoon and the exact determination of the date of pupation and adult eclosion.
A sample of observation cocoons for every temperature treatment was prepared at the end of June 2008 (N hut =11, N 17.5°C =10, N 22.5°C =11, N 27.5°C = 15, N 10-25°C = 10, N 15-30°C = 15, and N 20-35°C =15). Since some bees were already in the pupal stage at this time, their exact date of pupation could not be recorded. Such observation cocoons were excluded from all analyses except in the 15-30°C group where they were included for the calculation of the duration of complete development. The duration of the prepupal and pupal stage had to be estimated based on only two individuals in this group, since these bees entered the pupal stage unexpectedly early.
Wintering
All cocoons were transferred to a climate chamber with constant 4°C on 2 October 2008. On 18 March 2009, the cocoons were placed in transparent plastic containers (with gauze-covered windows for ventilation) and transferred to the hut where they experienced the natural temperature increase and emerged in spring. In the middle of May, all failed cocoons were opened and inspected for mortality stage. Some cocoons/bees from each temperature treatment were used for other Temperature effects on Osmia development investigations during wintering, therefore we used the remaining cocoon number as reference (=100%) for the determination of mortality for the stages inside the cocoon.
Data analyses
Since the body size of O. bicornis depends largely on the provision weight (Radmacher and Strohm 2010) , we used the ratio of prepupal weight to provision weight as a measure for body size to correct for individual differences in provision weight. ANOVAs (PASW Statistics 18 (i.e. SPSS 18.0)) with temperature level (cool, medium, and warm) and temperature mode (constant and fluctuating) as fixed factors were used to test for effects of temperature level and mode on the duration of all recorded developmental stages, on the duration of complete development, and on the prepupal weight. The control group (hut) was not included in the statistical analyses but is presented in the figures as a reference for development under natural conditions. Mortality rates were analysed with logistic regressions with survival status (dead or alive) in the respective stage as dependent variable and temperature level as well as temperature mode (categorised) as covariates (PASW Statistics 18).
RESULTS
Prepupal weight
There was a significant effect of temperature level and temperature mode on the ratio of prepupal weight to provision weight (temperature level: F=137.8, df=2, P<0.001; temperature mode: F = 325.8, df =1, P <0.001). Higher temperatures resulted in lower prepupal weights and fluctuating temperatures tended to result in higher prepupal weights than the constant mean temperatures (Figure 1 ). There was a significant interaction between temperature level and mode indicating that the decrease in weight ratio with increasing temperatures was smaller under fluctuating conditions (Figure 1 ; temperature level x temperature mode: F=69.9, df=2, P<0.001). Concerning the constant temperatures, the 22.5°C treatment deviated from the general trend in that the prepupal weights were comparatively (and unusually) low.
Mortality
The mortality data are given in Table I . Egg to cocoon mortality and pupal mortality were neither influenced by temperature level (egg to cooon: Wald=1.728, df=1, P=0.189; pupa: Wald=0.227, df=1, P=0.634) nor by temperature mode (egg to cocoon: Wald=0.125, df=1, P=0.724; pupa: Wald=1.014, df=1, P=0.314). Prepupal mortality was affected by temperature mode (Wald=10.103, df=1, P=0.001), but not by temperature level (Wald=0.324, df=1, P=0.569) with unusually high mortality in 15-30°C. Adult mortality was very high in the warm treatments (27.5 and 20-35°C) and significantly influenced by both temperature level (Wald=94.511, df=1, P<0.001) and temperature mode (Wald=22.18, df=1, P<0.001).
Duration of development
Generally, the duration of all four developmental phases until cocoon completion decreased with increasing temperature, except for the defecation phase in 22.5°C that was anomalously long (Figure 2 ; egg phase: F=1530.9, df=2, P<0.001; early consumption phase: F=1779.1, df=2, P<0.001, defecation phase: F=246.02, df=2, P<0.001; cocooning: F=66.7, df=2, P<0.001). Fluctuating (vs. constant) conditions had a significant accelerating effect on the early consumption phase (F=27.6, df=1, P<0.001), the defecation phase (F=936.2, df=1, P<0.001), and cocooning (F=16.84, df=1, P<0.001), but not on the egg phase (F=2.99, df=1, P=0.085).
The duration of the prepupal stage was significantly influenced by temperature level (F=17.37, df=2, P<0.001) and temperature mode (F=16.54, df=1, P<0.001). While the accelerating effect of fluctuating (vs. constant) temperatures followed the general pattern found in the other developmental stages, the observed effect of temperature level was converse to all other investigated developmental stages since the duration of the prepupal stage increased considerably in the warm treatments (Figure 3) . Consistent with the general pattern, the duration of the pupal stage decreased with increasing temperature (F=157, df=2, P<0.001), but there was no significant effect of temperature mode (F=3.489, df=1, P=0.069) in this stage (Figure 3 ).
We found a significant effect of temperature level (F = 73.9, df = 2, P < 0.001) and temperature mode (F= 42.43, df =1, P <0.001) on the duration of complete development from egg to adult eclosion. There was a general decrease in duration with increasing temperature, however, the difference between the medium and the warm temperature treatments Percentage values refer to the given sample sizes of brood cells or cocoons, respectively
Temperature effects on Osmia development was small (Figure 4) . Fluctuating (vs. constant) conditions led to an acceleration of development. Though no significant interaction of temperature level and temperature mode was detected (F=1.134, df=2, P=0.33), the accelerating effect of fluctuating conditions tended to decrease with increasing temperature (Figure 4 ).
DISCUSSION
Prepupal weight
In general, our results on the effects of temperature on prepupal weight are consistent with the temperature-size rule (Atkinson 1994 ) and a previous study on O. bicornis which revealed a strong decrease in body size with increasing constant rearing temperatures (Radmacher and Strohm 2010) . However, bee offspring in the 22.5°C treatment had an unexpectedly low prepupal weight. Taking into account a comparatively frequent occurrence of pollen remnants in the brood cells and the anomalously long defecation phase, the conditions might have been somehow suboptimal in this treatment. We were not able to explain this finding since the 22.5°C treatment was treated in the same way as the others. Regarding the 17.5°C and 27.5°C treatment, the decrease in body weight was not as pronounced as in a previous study (Radmacher and Strohm 2010) , where overall warmer temperatures (20°C, 25°C, and 30°C) were used and the weight of adult bees inside their cocoons was determined.
Under fluctuating conditions, the bee offspring attained higher prepupal weights than in the respective constant mean temperatures and the decrease in prepupal weight with increasing temperature was considerably smaller than in the constant treatments. These findings support the view that the results of studies conducted with constant temperatures in the laboratory can hardly be extrapolated to populations living under natural fluctuating conditions (Beck 1983; Ratte 1984) . Moreover, our results suggest that under fluctuating conditions an overall warming of several degrees during development would probably have only a small negative effect on the prepupal weight in O. bicornis. However, weight loss can be considerable in the pupal, pre-wintering, and wintering phases (Bosch and Vicens 2002; Sgolastra et al. 2010) . Therefore, warming during the entire life cycle could have stronger effects on final body weight.
Mortality
The rates of mortality from egg to cocoon and in the pupal stage were not influenced by temperature level or temperature mode and they were within the usual range for this species (see the hut group Table I , Strohm et al. 2002) . We suppose that the significant effect of temperature mode on prepupal mortality and the comparatively high prepupal mortality in the 15-30°C treatment were probably caused by a mould infestation that apparently occurred only in the 15-30°C and 20-35°C treatment at the beginning of June 2008. Therefore, we assume that mortality until the adult stage was not severely affected by developmental temperature.
In contrast, mortality in the adult stage increased considerably with increasing temperature. Though mortality rates were generally lower under fluctuating than under constant temperature conditions, adult mortality was very high in the 20-35°C treatment. Since all bees were transferred to 4°C when the slowest group (17.5°C) had completed their development, particularly the bees in the warm treatments experienced a long pre-wintering period (about 60-70 days) in high temperatures that probably caused the very high adult mortality due to fat body depletion Bosch and Kemp 2004) . The length of the prewintering period was similar for the bees in the warm and in the medium temperature treatments; however, the bees in the medium treatments were exposed to lower temperatures during this time. The medium temperatures seemed to be less harmful than the warm temperatures, particularly under fluctuating conditions. For comparison, bees under natural conditions (hut) experienced a pre-wintering period of 46 days on average in 17.0±7.8°C (mean±SD). The elevated adult mortality in the 17.5°C treatment (16.1%; compared to 0% in 10-25°C and in the control) was possibly caused by a too short pre-wintering period. 
Temperature effects on Osmia development
Since the 17.5°C group was transferred to 4°C shortly after we had observed the last adult eclosion, the pre-wintering period might have been too short for some individuals to lower the respiration rate to an appropriate level for wintering .
Our results for adult mortality underlined the importance of the duration of and the temperature during the pre-wintering phase for the survival and fitness of Osmia bees . However, even with ongoing climate change it seems unlikely that in the foreseeable future natural O. bicornis populations will be exposed to such warm prewintering temperatures as we used for our warm treatments. Due to the low adult mortality in the fluctuating 15-30°C treatment, we tentatively suggest that climate change would probably not have a strong negative effect on the survival of O. bicornis during the pre-wintering phase.
Duration of development
For most (but not all) of the recorded developmental stages and the complete development, we found a significant acceleration in the fluctuating versus the corresponding constant temperature treatments. Regarding complete development, the accelerating effect of temperature fluctuations tended to decrease with increasing temperature, even though this trend was not significant. A similar pattern was found in mosquitoes (Joshi 1996) . These findings are generally consistent with the often observed pattern that for a certain insect species temperature fluctuations in the range below a certain temperature may cause an acceleration of development, while the converse is true for fluctuations near the temperature optimum (Beck 1983; Hagstrum and Milliken 1991) . However, not all insect species follow this pattern (see, e.g. Neumann and Heimbach 1975; Welbers 1975 ). While we did not detect a deceleration due to fluctuating temperatures in our warm treatments, such an effect might occur at temperatures higher than used in this study. The congeneric Osmia lignaria developed faster in two fluctuating treatments (14:27°C and orchard) than in equivalent constant temperatures (22 and 18°C, respectively; , but no warmer fluctuating regime was investigated.
Development time of ectotherms typically decreases with increasing temperature (up to an optimal temperature) due to the acceleration of biochemical processes at higher temperatures (Ratte 1984; Atkinson 1996) . However, the effect of temperature on development time has been shown to differ among species, populations, and developmental stages of a species (Ratte 1984; Ayres and Scriber 1994; Rombough 2003; Kemp and Bosch 2005; Folguera et al. 2010) . We found the typical decrease of development time with increasing temperatures in almost all investigated developmental stages of O. bicornis-except in the prepupal stage whose duration increased in the warm treatments.
Based only on the data in this study, we cannot completely exclude that this extension of the prepupal stage could be a sign of harmful but not yet lethal temperature. However, Osmia bees probably undergo a summer diapause in the prepupal stage ) that seems to be the developmental stage with the highest plasticity with regard to duration and with a lower susceptibility to warm temperatures than the adult stage (Sgolastra 2007; Bosch et al. , 2010 . Our results are consistent with Kemp and Bosch (2005) who found a U-shaped thermal response of the prepupal stage in O. lignaria with increasing duration below and above a certain medium temperature and we assent to their assumption that prolonging the prepupal phase could be a suitable mechanism to adjust adult eclosion date to the onset of colder temperatures in autumn if development was accelerated due to hot summers (Kemp and Bosch 2005; Bosch et al. 2010 ). This adjustment seems to be very important to avoid long pre-wintering periods with their negative effects on survival and fitness Bosch et al. 2010 , and see Section 4.2). The similar duration of complete development in the medium and warm treatments (Figure 4) sug-gests that the acceleration of the larval and pupal development due to high temperature was largely compensated by the prolonged prepupal phase. Whether the observed extension of the prepupal period was triggered by the actual temperature in the prepupal phase or by the temperature experienced earlier in development cannot be decided based on our data (but see Kemp and Bosch 2005) . However, the observed developmental plasticity in the duration of the prepupal stage might help O. bicornis to cope with the increasing frequency of heat waves in summer and the overall elevated temperatures due to climate change.
